Rationale and Objectives: The aims of this study were to define volumetric nomograms for identifying hepatomegaly and to retrospectively evaluate the performance of radiologists in assessing hepatomegaly.
H
epatomegaly is an abnormal enlargement of liver size and is inherently defined by a volumetric change. Patient size has been reported to correlate with the volume of the liver (1) (2) (3) (4) . To date, there are no defined volumetric liver nomograms to detect hepatomegaly.
Hepatic size has been an important biomarker for assessing disorders (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and surgical planning (8, 11, (14) (15) (16) (17) (18) . Predictably, hepatic size estimates by physicians using palpation and percussion are approximate (19, 20) and adequate for diagnosing only cases of massive hepatomegaly (21) (22) (23) (24) . Blendis et al (21) found that only half of enlarged livers detected by plain radiography were also identified by physical examination, while approximately half of normal livers were diagnosed as enlarged.
Radiologic imaging modalities such as magnetic resonance imaging, ultrasound, and computed tomographic (CT) imaging are better able to assess liver size (25) (26) (27) (28) (29) . To detect hepatomegaly in radiologic scans, radiologists commonly focus on landmark-based visual evaluations of the hemidiaphragm, displacement of the stomach, the duodenum, hepatic flexure of the colon, the right kidney, and the lower costal cartilage (30) . Nevertheless, the great diversity of normal liver shapes within the population can make landmark-based evaluation of liver volume unreliable (31) . In the case of Riedel's lobe, a normal variant, the elongated right liver lobe extends past the lower costal cartilage (32, 33) , but these livers have normal volumes. Without easily accessible volume measurements, 3% to 31% of the population with this normal variation could potentially be misdiagnosed (32, 34, 35) . Additionally, differentiating between mild and massive hepatomegaly (with the latter category of patients possibly benefiting from medical intervention) is unreliable without systematic quantitative measures of liver size (36, 37) .
Another popular method routinely used by clinicians is manually measuring the liver's height at the midhepatic line (MHL) from radiologic scans (7, 38) . The MHL is the halfpoint distance between the midpoint of the spine and the outermost point on the liver surface (right side) in axial planes. This two-dimensional measure does not fully characterize the liver's morphology, and livers with Riedel's lobe may exhibit large MHL heights. Although correlations between liver size and patient size have been reported (2) (3) (4) 28, 39, 40) , liver height measurements were not normalized by patient size in previous studies to detect hepatomegaly (7, 38) .
CT studies have shown that manual volumetric liver measurements are important for diagnoses (1, 41) . Manual segmentations suffer from two major drawbacks: they are time consuming because of the high and expensive human interaction, and if the same organ is segmented twice (by the same or different observers), the result will likely differ. Currently, most radiologists do not rely on liver volume or even height measurements for diagnosing hepatomegaly, because of the lack of robust and accessible methods adapted to the image-viewing software. Automated volumetric measurements of liver volume have the potential to assist clinicians in the systematic and accurate analysis of hepatic size.
In this report, nomograms are defined to identify and grade hepatomegaly from automated liver volumetry on CT imaging. The automated liver volumetric software was previously developed by our group (42) and allows the quantification of healthy and diseased livers. From readily available volumes of normal livers normalized to patient size (body surface area [BSA]), nomograms to detect hepatomegaly are defined to assist radiologists in routine clinical assessments. The nomograms are validated against consensus reports. Finally, we evaluate retrospectively the performance of radiologists to assess hepatomegaly.
MATERIALS AND METHODS

Study Patients and CT Imaging
Data were acquired at the National Institutes of Health using contrast-enhanced CT scans at the portal venous phase without imaging or motion artifacts or large pathologies in the liver. This retrospective study was in compliance with the Health Insurance Portability and Accountability Act and was institutional review board approved, and the requirement for informed consent was waived.
From ). These cases were not included in the definition or evaluation of nomograms. Instead, they were used as an independent set to test the automated segmentation method.
Contrast-enhanced CT images were acquired in portal venous phase during a single breath using fixed delays (65-70 seconds depending on the scanner) or bolus tracking (43) after patients were administered 130 mL of Isovue-300. Data were collected on LightSpeed Ultra/QX/I (GE Healthcare, Milwaukee, WI), Brilliance 64 (Philips Medical Systems, Andover, MA), Definition (Siemens Healthcare, Erlangen, Germany), and Aquilion ONE (Toshiba Medical Systems, Tokyo, Japan) scanners at 100 to 240 mAs and 120 kVp. Image resolutions ranged between 0.52 and 0.93 mm in the axial view with slice thicknesses of 1 to 5 mm. Livers were manually segmented from 20 cases by two observers supervised by an experienced radiologist. The liver heights were manually measured at the MHL in all data, excepting the hepatectomy cases, by the two observers.
Last, 25 random pairs of supine and prone noncontrast CT data sets (slice thickness, 1 mm) 
Segmentation
The automated segmentation method quantifies liver volumes from contrast-enhanced CT imaging (42) . The software was validated on normal, hepatomegaly, and partial hepatectomy cases and involved appearance, shape, and location statistics of livers. A liver atlas was aligned to the patients' CT data via nonlinear registration. The liver estimation was improved by geodesic active contour and adaptive convolution using patient-specific contrast enhancement. Last, shape and location statistics were used to optimize liver segmentation.
Liver volumes were computed automatically by summing voxel volumes in the rendered three-dimensional segmentations. Liver heights were estimated at the MHL by computer-aided diagnosis (CAD) along the sagittal plane (7).
Definition of Hepatomegaly and Nomograms
Liver volumes exhibiting hepatomegaly are outliers from the average liver size in the healthy population. To account for the relation between liver volume and patient size, volumes of livers were normalized by patients' BSA.
To date, there are no established nomograms for volumetric assessment of hepatomegaly. Nevertheless, standards have been defined for the detection, for example, of osteoporosis (45, 46) . According to the World Health Organization, osteopenia is diagnosed if the T score of bone mineral density is <1 standard deviation (SD) from the average of the healthy population. Osteoporosis is defined as <2.5 SDs from the average.
We defined the hepatomegaly score (H score) as the measure of liver volume normalized by patient's BSA. The average H score and its SD were computed from our healthy population according to the consensus reports. Only cases that were found normal by all radiologists were used in the computation of the nomograms. Following the approach used to determining osteoporosis, mild hepatomegaly was defined for H scores >1 SD from the average. Massive hepatomegaly was defined for H scores >2.5 SDs from the average.
Performance of Radiologists Relative to the Hepatomegaly Nomogram
The performance of radiologists to diagnose hepatomegaly was retrospectively evaluated using the H score as the reference standard. For comparison with previous nomograms on the basis of liver height (7, 38) , diagnostic performance using the liver MHL height with a 15.5-cm cutoff was compared to both the consensus reports and H-score reference standards.
Statistical Analysis
Retrospective power analysis was performed using a twosided test with a .05 significance level and a binomial distribution to determine the power of our sample size (n = 148) to detect a significant difference between normal livers and hepatomegaly cases. The variation of the H score with the increase in the number of consecutive samples was analyzed. We also analyzed the receiver-operating characteristic (ROC) curve to identify the operating point with the highest accuracy of the H score, defined as the sum of sensitivity and specificity; the consensus reports were used as the reference standard for hepatomegaly.
Manual and automated volumetric segmentations were compared by volume overlap (twice the volume intersection over the union) and volume error (volume difference relative to the manual volume). Intraobserver and interobserver variability and error analysis for measuring liver height were performed following the Bland-Altman method (47) . The Mann-Whitney U test was used to assess significance between interobserver and intraobserver and observer-CAD agreement. One-way, two-way, and three-way analyses of variance with full interaction were performed for combinations of patient BSA, age, and gender to determine the impact of these factors on normal liver volumes. Pearson's correlation coefficients were calculated between liver size and patient height, weight, BSA, and age for comparisons with the same metrics reported in the literature. Student's paired t tests were used to assess the significance of correlations after testing the normal distribution of data.
Fisher's exact test was used to assess the significance between the sensitivity of radiologists compared to the MHL height criterion to detect hepatomegaly with the H score as the reference standard. We assessed whether the sample size (n = 148) had 90% power to detect a 10% (0.08) change in sensitivity between the two criteria. Pearson's correlation between the H score and MHL height was also analyzed.
RESULTS
The evaluation of the CAD tool (42) showed a volume overlap of 96.2% and a volume error of 2.2% between automatically and manually segmented livers. There was no statistically significant difference (P > .10) for either volume overlap or volume error between automated and manual segmentations on normal or abnormal cases. The consensus reports agreed on 117 cases: 74 normal livers and 43 hepatomegaly cases. The radiologists disagreed on 31 cases (20.9%); three (3.8%) were normal and 28 (39.4%) were abnormal cases, according to the clinical reports. Table 1 presents the volumes, volumes normalized by BSA, and MHL heights for the automatically segmented normal, enlarged, and partial hepatectomy livers. There was no significant difference between the volumes of normal and partial hepatectomy livers (P = .70). Significant differences were found between normal and enlarged liver volumes and heights (P < .001). Table 2 shows Pearson's correlation coefficients (R values) between liver measurements and patient BSA and age. The highest correlation (R = 0.60, P < .001) was noted between liver volumes and BSA in normal cases. Moderate correlations were also observed between the enlarged liver volumes and BSA and age of patients, while a negative moderate correlation was found between the liver MHL heights and ages of controls. No significant correlations existed between liver height and patient BSA.
One-way analysis of variance found that BSA (P = .004) and gender (P = .01), but not age (P = .50), significantly affected normal liver volume. No significant effects were observed for two-way and three-way interactions among the three variables (P > .10).
Bland-Altman agreement plots for height measurements between two observers and between each observer and CAD are shown in Figures 1a to 1c . Interobserver variability was 0.12 AE 1.28 cm, and the bias between the CAD method and each observer was 0.06 AE 1.5 cm at 95% limits of agreement. Significant correlations (R = 0.98, P < .001) were found between each observer's and CAD measurements, comparable to the interobserver measurement correlation (R = 0.98, P < .001). Outliers in Figure 1 corresponded to unusually shaped livers, which increased the variability of MHL height measurements. Figure 1d presents Bland-Altman agreements for consecutive intraobserver MHL height measurements on pairs of supine and prone noncontrast CT scans of normal livers (n = 25). The variability in measurement was 1.6 AE 2.8 cm at 95% limits of agreement. These intraobserver errors were significantly larger (P < .001) than the errors between CAD and manual measurements on supine scans (Figs 1b and 1c) .
An H-score cutoff of 0.92 L/m 2 was used to identify mild hepatomegaly (95% confidence interval, AE0.02 L/m 2 ). The H-score cutoff for massive hepatomegaly was 1.08 L/m 2 . Figure 2 shows the variation of the H score with the number of consecutive samples used to compute it. The H score became stable after approximately 50 cases. On ROC analysis, the operating point of the highest accuracy in the H score using the consensus reports as the reference standard was found at 0.93 L/m 2 , which is within the 95% confidence interval. The sensitivity and specificity at this operating point were 97.6% and 86.4%, respectively. The area under the ROC curve of the H-score criterion for hepatomegaly detection was 0.98. The statistical power of our data set (n = 148) for the observed DH score = 0.81 was 99%.
From H-score nomograms (the new reference standard), the performance of radiologists was retrospectively analyzed using the clinical reports. Table 3 presents the sensitivity and specificity of radiologists to detect hepatomegaly. The performance of diagnosis by liver MHL height is also shown. The statistical power of our data set (n = 148) to detect an effect size of 0.08 on the sensitivity between diagnosis criteria was 93%. There was no significant difference in the sensitivity of the detection of mild hepatomegaly between radiologists (56.7%, P = .09) and MHL height. The sensitivity of radiologists to detect massive hepatomegaly was significantly higher (100.0%, P = .006) than using MHL height. Radiologists also detected all cases of hepatomegaly with significantly higher sensitivity (84.4%, P = .007) than the MHL height criterion.
The linear regression model in Figure 3a showed a significant correlation between the H scores and MHL heights of normal cases in the consensus reports (R = 0.34, P = .02). A significant correlation was also found between the H scores and MHL heights of enlarged livers (R = 0.58, P < .001; Fig  3b) . A 15.5-cm cutoff at MHL height (7, 38) detected hepatomegaly with 83.7% sensitivity at 90.5% specificity using the consensus reports as the reference standard and 67.5% sensitivity at 88.7% specificity with the H score as the reference standard.
DISCUSSION
This retrospective study presents the evaluation of an automated method to segment livers from contrast-enhanced CT images (42) . The automated technique was accurate and consistent with manual segmentations for liver volume and height for cohorts of normal and enlarged livers. Table 1 illustrates the average normal liver volumes from our data, which are compared to reports in the literature in Table 4 (48-52). Our average diseased liver volumes were generally larger than in the literature. The liver volumes of patients who underwent partial hepatectomy were comparable to those of normal controls. Although their average volumes were MHL, midhepatic line. The H score was used as the reference standard with cutoffs of 0.92 and 1.08 L/m 2 to identify mild and massive hepatomegaly.
The radiologic reports were used to compute the sensitivity and specificity of the radiologists. A cutoff of 15.5 cm was used to identify hepatomegaly using liver MHL height. Significant differences (P < .007, shown in italics) were noted between the sensitivity of the radiologist and the sensitivity of the liver MHL height criterion for the detection of massive and all cases of hepatomegaly.
similar to those of the normal controls, we preferred to compute hepatomegaly nomograms from data from patients who did not undergo liver surgery. It is generally agreed that liver volume and patient BSA and weight are correlated (Table 5 [ [53] [54] [55] [56] ). This observation, and the statistical analysis in this paper, supports the normalization of the liver volume by BSA in the definition of the H score. A significant correlation between normal liver volume and age has been demonstrated (3, (53) (54) (55) ; this was confirmed in Andersen et al (1) and in our study (Table 2) . Reports also do not agree on the correlations between liver volume and patient height (1, 2, 28, 39, 53) or liver volume and patient age (3, (53) (54) (55) . The sensitivity and specificity of the H score to detect hepatomegaly using consensus reports as the reference standard were 97.6% and 86.4%, respectively, with an area under the ROC curve of 0.98.
Despite an abundance of studies analyzing normal and diseased liver volumes (Table 4) , we are not aware of another effort to define nomograms to classify hepatomegaly using a volumetric measurement such as the H score. More commonly, hepatomegaly is classified using liver MHL height. Gosink and Leymaster (7) found that 93% of normal livers had MHL heights <13 cm, while 75% of patients with MHL heights >15.5 cm had hepatomegaly. Similarly, Rosenfield and Schneider (38) defined an upper limit of 15.5-cm MHL Figure 4 exemplifies the segmentation of a liver with Riedel's lobe with an abnormally high liver MHL height but a normal H score.
Radiologists use experience and visual landmarks to diagnose the liver. Unsurprisingly, Table 3 shows that radiologists detected hepatomegaly with significantly higher sensitivity than the liver MHL height criterion. The H score, a systematic quantitative approach to diagnosing hepatomegaly, should be preferable to visual inspection for consistency and generalization. A uniform quantitative assessment of hepatomegaly has additional advantages; the criterion can be subdivided into categories, such as mild and massive hepatomegaly, which is less reliable using visual inspection. This finer categorization has the potential to customize treatments and monitor stages of diseases, such as cirrhosis or drug-related hepatitis. Selected patients with massive hepatomegaly can also benefit from operative intervention (36, 37, 58) .
The large intraobserver errors noted for consecutive liver height measurements on supine and prone CT image pairs (Fig 1d) indicate that MHL height measurement is sensitive to patient position in the scan and unreliable for detecting hepatomegaly. However, Leung et al (2) also found substantial diurnal variations in liver volume, with a minimum value between 12 AM and 2 PM (17% fall average; range, 9%-31%). Our study did not include time and position variables.
This study had certain limitations. The distribution of the patient population with hepatomegaly may not be representative. Nevertheless, patients with hepatomegaly were not admitted to the National Institutes of Health on the basis of hepatomegaly diagnosis, which was a secondary radiologic finding. The definition of the H score would also benefit from a larger data sample. Finally, the reader variability in the clinical determination of hepatomegaly is potentially very large, as radiologists disagreed in 20.9% (n = 31) of cases, but representative for the clinical environment of a mediumsized to large hospital.
We proposed using liver size nomograms for detecting hepatomegaly. Liver size is inherently a volume and correlated to patient BSA. CAD can offer robust and reproducible liver volume measurements in a fully automated manner to support routine radiologic image analysis. In this light, the H score defined from liver volume normalized to patient BSA may be useful as a systematic indication of hepatomegaly.
With the introduction of volumetric measurements in routine radiologic assessment, whether organ or tumor volumes, nomograms have the potential to offer systematic and reproducible tools for diagnosis. Whether supported or not by CAD, the introduction of liver volume nomograms promises to reduce variability and error in the radiologic interpretation of abdominal data. Our study found 20.9% disagreement between radiologists in diagnosing hepatomegaly. If liver CAD were to be adopted in the clinical work flow in combination with volumetric nomograms, the diagnosis of hepatomegaly could become a seamless automated process. Finally, differentiating between cases of mild and massive hepatomegaly is unreliable without methodical quantitative measures of liver size.
Automatic volumetric liver assessment normalized to BSA may improve the identification of hepatomegaly detection compared with height measurements or visual inspection, commonly used in clinical practice. Using the H score, a systematic quantitative measure of liver size, as the reference standard, radiologists detected all, mild, and massive cases of hepatomegaly with 84.4%, 56.7%, and 100.0% sensitivity, respectively, at 90.1% specificity.
